Phosphate (Pi), an essential macronutrient required for growth and development of plants, is often limiting in soils. Pi deficiency modulates the expression of Pi starvationresponsive (PSR) genes including transcription factors (TFs). Here, we elucidated the role of the MYB-related TF HYPERSENSITIVITY TO LOW PHOSPHATE-ELICITED PRIMARY ROOT SHORTENING1 HOMOLOG2 (HHO2, At1g68670) in regulating Pi acquisition and signaling in Arabidopsis thaliana. HHO2 was specifically and significantly induced in different tissues in response to Pi deprivation. Transgenic seedlings expressing 35S::GFP::HHO2 confirmed the localization of HHO2 to the nucleus. Knockout mutants of HHO2 showed significant reduction in number and length of first-and higher-order lateral roots and Pi content of different tissues compared with the wild-type irrespective of the Pi regime. In contrast, HHO2-overexpressing lines exhibited augmented lateral root development, enhanced Pi uptake rate and higher Pi content in leaf compared with the wild-type. Expression levels of PSR genes involved in Pi sensing and signaling in mutants and overexpressors were differentially regulated as compared with the wild-type. Attenuation in the expression of HHO2 in the phr1 mutant suggested a likely influence of PHR1 in HHO2-mediated regulation of a subset of traits governing Pi homeostasis.
Introduction
Phosphorus (P), an essential macronutrient, is a structural component of key molecules such as nucleic acids and phospholipids, and plays a pivotal role in energy transfer and metabolic pathways in plants (Marschner 1995) . However, available phosphate (Pi) is often most limiting due to its slow diffusion rates and interaction with different soil constituents (Raghothama 1999) . Therefore, plants often experience Pi deficiency, which affects growth and development. There have been global efforts to identify different components involved in acquisition of Pi and its subsequent mobilization to sink organs. In this context, Arabidopsis thaliana has been a favored model species for deciphering intricate Pi deficiency-mediated modulations in local and systemic responses affecting an array of traits (Thibaud et al. 2010) .
The root system plays a key role in Pi deficiency-mediated adaptive responses (Williamson et al. 2001 , Sánchez-Calderón et al. 2005 , Jain et al. 2007 , Gruber et al. 2013 , Kellermeier et al. 2014 ). In addition, differential regulation of an array of Pi starvation-responsive (PSR) genes belonging to different functional categories (Misson et al. 2005 , Thibaud et al. 2010 and cross-talk with other nutrient signaling pathways (Medici et al. 2015 , Rai et al. 2015 further highlighted the intricacies involved in maintaining Pi homeostasis. Several reviews have provided a comprehensive overview of the effects of Pi deprivation on various morphophysiological and molecular traits in Arabidopsis and other taxonomically diverse crop species (Raghothama 1999 , Chiou and Lin 2011 , Lin et al. 2014 , López-Arredondo et al. 2014 .
Application of forward and reverse genetic approaches in conjunction with state-of-the-art omics technologies has expedited the unraveling of several key molecular components that play pivotal roles in Pi sensing and signaling cascades (Rubio et al. 2001 , Misson et al. 2005 , Svistoonoff et al. 2007 , Ticconi et al. 2009 , Secco et al. 2013 . Varied Pi deficiency-induced responses and signaling cascades are co-ordinately regulated by a host of transcription factors (TFs) in Arabidopsis (Jain et al. 2012) . PHOSPHATE STARVATION RESPONSE1 (PHR1, At4g28610), belonging to the MYB-related family, was the first TF implicated in regulating a subset of Pi starvation responses (Rubio et al. 2001 ).
Subsequently in a global microarray analysis of spatio-temporal Pi deficiency responses, 80 genes implicated in regulation of gene expression were found to be differentially regulated (Misson et al. 2005) . Some of them [HYPERSENSITIVITY TO LOW PHOSPHATE-ELICITED PRIMARY ROOT SHORTENING1 (HRS1, At1g13300), MYB DOMAIN PROTEIN62 (MYB62, At1g68320), WRKY6 (At1g62300), WRKY45 (At3g01970), WRKY75 (At5g13080), ZINC FINGER OF ARABIDOPSIS6 (ZAT6, At5g04340), ETHYLENE RESPONSE FACTOR070 (ERF070, At1g71130) and GARP COILED COIL7 (GCC7, At2g01060)] have been functionally characterized and shown to play pivotal roles in the maintenance of Pi homeostasis (Devaiah et al. 2007a , Devaiah et al. 2007b ,Chen et al. 2009 , Devaiah et al. 2009 , Liu et al. 2009 , Lundmark et al. 2011 , Ramaiah et al. 2014 , Wang et al. 2014 . Overexpression of the MYB-related TF HRS1 was shown to trigger hypersensitivity to low Pi-mediated inhibition of primary root growth (Liu et al. 2009 ). In Arabidopsis, HRS1 has six potential homologs designated as HRS1 HOMOLOG1 (HHO1, At3g25790), HHO2 (At1g68670), HHO3 (At1g25550), HHO4 (At2g03520), HHO5 (At4g37180) and HHO6 (At1g49560). Of these, HHO1 and HHO2 were found to be induced in leaf and root, respectively, during Pi deficiency, suggesting their role in Pi starvation responses (Misson et al. 2005) .
In the present study, to determine the function of HHO2, a combination of reverse genetic approaches of gene knockout and constitutive overexpression were employed. The study confirmed the role of HHO2 in regulating the developmental response of lateral roots, acquisition and/or mobilization of Pi and expression of a subset of genes involved in Pi sensing and signaling pathway.
Results and Discussion
Pi deficiency-induced transcription factor HHO2 is a nuclear protein
The relative transcript abundance of HHO2 in root and leaf of wild-type Arabidopsis, grown hydroponically in a greenhouse under P+ and P-conditions, was evaluated by quantitative real-time PCR (qRT-PCR) (Fig. 1A) . Compared with root and leaf of P+ plants, there were approximately 2-fold inductions in the relative expression levels of HHO2 in the corresponding tissues of P-plants. The results were consistent with earlier microarray analyses revealing Pi deficiency-mediated induction of HHO2 (Misson et al. 2005 . Although there is a ubiquitous and lower expression level of HHO2 in all cell types of Arabidopsis root (Brady et al. 2007 ), the effect of Pi deficiency on its cell-specific expression pattern is not known. In Arabidopsis, there is evidence of cross-talk between Pi and macronutrients [nitrogen (N) and potassium (K)] and the micronutrient iron (Fe). For instance, NITROGEN LIMITATION ADAPTATION (NLA, At1g02860) plays a key role in regulating Pi homeostasis in an NO 3 -dependent manner (Kant et al. 2011) . Further, NO 3 -inducible HRS1 attenuates growth of primary root during Pi deprivation only under NO 3 -replete condition (Medici et al. 2015) . Microarray analysis by Misson et al. (2005) revealed significant induction in the expression of several genes encoding different K transporters, suggesting their co-regulation during Pi deficiency. Pi deficiency also triggers elevation in Fe content, resulting in differential and co-ordinated induction of FERRETIN 1 (FER1, At5g01600) in leaves and suppression of IRON-REGULATED TRANSPORTER1 (IRT1, At4g19690) in roots (Misson et al. 2005) . Therefore, the effects of other nutrient deficiencies (N-, K-and Fe-) on the relative expression levels of HHO2 were quantified by qRT-PCR. No significant effect was observed on the expression level of HHO2 in plants grown under N-, K-and Fe-conditions (data not shown). This suggested that the induction of HHO2 is specific to Pi deprivation and may have a role in the maintenance of Pi homeostasis. It is noteworthy that several TFs that have been implicated in the maintenance of Pi homeostasis exhibit significant variations in their responses to Pi deficiency. For instance, WRKY75, ZAT6 and ERF070 showed elevated expression in different Pi-deprived tissues (Devaiah et al. 2007a , Devaiah et al. 2007b Ramaiah et al. 2014) . MYB62 revealed induction only in Pi-deprived leaf (Devaiah et al. 2009 ). In contrast, PHR1 was constitutively expressed irrespective of the Pi regime (Rubio et al. 2001) .
Since nuclear localization is one of the characteristics of TFs (Beck and Hall 1999) , subcellular localization of HHO2 was investigated (Fig. 1B, C) . Stable transgenic plants were generated harboring an in-frame fusion of full-length HHO2 cDNA with the enhanced green fluorescent protein (GFP) reportercoding sequence at its N-terminal end and expressed constitutively under the control of the Cauliflower mosaic virus (CaMV) 35S promoter. GFP driven by the CaMV35S promoter was used as a control. Seedlings expressing 35S::GFP and 35S::GFP::HHO2 were observed for their nuclear localization (Fig. 1B) . GFP fluorescence was distributed uniformly in 35S::GFP (Fig. 1B , left panel) and it was localized to the nucleus in 35S::GFP::HHO2 (Fig. 1B, right panel) . Further, nuclear localization of 35S::GFP::HHO2 in cells was ascertained by staining roots with 4',6-diamidino-2-phenylindole (DAPI) double-stranded DNAbinding dye (Fig. 1C) . HHO2 localization to the nucleus is a feature consistent with other TFs implicated in the maintenance of Pi homeostasis (PHR1, Rubio et al. 2001; WRKY75, ZAT6, MYB62, Devaiah et al. 2007a , Devaiah et al. 2007b , Devaiah et al. 2009 ERF070, Ramaiah et al. 2014 ).
HHO2 loss-of-function mutant alleles show attenuated Pi content and lateral root development A reverse genetic approach of T-DNA-induced knockout mutation was used for functional characterization of HHO2. Eight HHO2 T-DNA SALK mutants were available in Columbia (Col-0) in the Arabidopsis Biological Resource Center (ABRC), with insertion(s) in an exon (five), promoter (two) and an intron (one) (https://www.arabidopsis.org/servlets/TairObject?id= 29393&type=locus). For effectively knocking out or severely reducing the function of the gene, locations of T-DNA insertions are often preferred in the order of exon, intron, 5'-untranslated region and promoter (O'Malley and Ecker 2010) . In a majority of published reports, full-length transcript could not be detected by RT-PCR when the T-DNA insertion was in an exon (Wang 2008) . Therefore, two T-DNA SALK mutants with insertion in an exon (SALK_044835 and SALK_070096) were screened for their homozygosity by PCR and are henceforth referred to as hho2-1 and hho2-2, respectively. Sequencing of T-DNA insertion sites revealed the disruption of HHO2 at + 561 and +769 nucleotides from the start codon in hho2-2 and hho2-1, respectively ( Fig. 2A) . The T-DNA copy number in the genome of hho2 mutants was ascertained by quantitative PCR as described (Nagarajan et al. 2011) . The analysis revealed a single-copy T-DNA insertion in the genome of both the hho2 mutant alleles (Supplementary Table S1 ). The wild-type and both the mutants were grown under P+ and P-conditions, and RT-PCR was employed for comparing the transcript levels of HHO2 (Fig. 2B) . Compared with P+ wild-type seedlings, there was an augmentation in HHO2 level in P-wild-type seedlings, whereas HHO2 transcripts could not be detected in hho2-1 and hho2-2 seedlings under both P+ and P-conditions. These results confirmed the identification of two independent lossof-function mutants for HHO2. To determine whether loss-offunction of HHO2 exerts any adverse effect on developmental responses, the wild-type and hho2 mutants were grown for 6 weeks under greenhouse condition. The wild-type and mutants did not display any perceptible phenotypic differences (Fig.  2C) . It was not surprising because mature plants of loss-offunction mutants of PHR1 also did not reveal any significantly adverse effects on their morphometric traits (Rubio et al. 2001 ). This suggests a likely functional redundancy across TFs.
This raised a pertinent question, i.e. whether loss-of-function mutants of HHO2 would have any morphophysiological phenotype during early stages of growth under different Pi regimes. Pi starvation triggers architectural changes in the root system including increases in numbers and lengths of root hairs, loss of meristematic activity in the primary root tip resulting in a shift from indeterminate to determinate root growth, and attenuated lateral root development (Ma et al. 2001 , Williamson et al. 2001 , López-Bucio et al. 2002 , Sánchez-Calderón et al. 2005 , Jain et al. 2007 ). These adaptive developmental changes increase the absorptive surface area of the root system, facilitating exploration of larger areas of rhizosphere or nutrient medium for acquisition of Pi. Therefore, to determine the effects of a mutation in HHO2 on the developmental responses of root hairs under different Pi regimes, 5-day-old seedlings of the wild-type and the loss-of-function mutants (hho2-1 and hho2-2) were grown under P+ and P-conditions for 2 d. Development of root hairs was documented in a 5 mm section from the tip of primary roots of wild-type and mutant seedlings as described (Jain et al. 2007 ). Under P+ condition, there was sparse development of root hairs in both the wild-type and the mutants. There were no significant (P < 0.05) differences in number (wild-type, 38 ± 9 [SE]; hho2-1, 32 ± 12 [SE]; and hho2- The results clearly suggested the lack of an influence of mutation in HHO2 on the developmental responses of root hairs under different Pi regimes. Further, the effects of mutation in HHO2 on different root traits were investigated (Fig. 3) . Primary root lengths of the wild-type and the mutants were also comparable under both P+ and P-conditions (Fig. 3A) . Based on immunoprecipitation assays, HHO2 has been shown to be the target of the TFs SCARECROW (SCR, At3g54220) and SHORT ROOT (SHR, At4g37650) that are known to play a vital role in auxin-mediated developmental responses of the root system (Cui et al. 2012) . Although scr and shr has a short primary root phenotype (Cui et al. 2012 ), lack of a significant effect on the developmental response of the primary root in hho2 mutants could possibly be attributed to regulatory influences of other TFs on HHO2. In contrast, several TFs [BASIC HELIX-LOOP-HELIX32 (BHLH32, At3g25710), PHOSPHATE ROOT DEVELOPMENT (PRD, At1g79700) and ALFIN-LIKE 6 (AL6, At2g02470)] that have been implicated in the maintenance of Pi homeostasis, their mutants exhibited significant reductions in lengths of the primary root and/or root hairs compared with the wild-type (Chen et al. 2007 , Camacho-Cristóbal et al. 2008 , Chandrika et al. 2013 . This suggested that HHO2 may not be involved in primary root growth and root hair development during Pi deprivation. However, the effect of mutation in HHO2 was apparent on the developmental responses of first-and higher-order lateral roots, with significant (P < 0.05) reductions in numbers ($25%) and lengths (10-20%) in both the mutants compared with the wild-type under P+ and P-conditions ( Fig.  3A-C) . Camacho-Cristóbal et al. (2008) also reported a significant reduction in lateral root length of the PRD mutant under P-conditions. Differential effects of mutation in HHO2 on primary and lateral roots could be attributed to their distinct ontogeny, with the former being embryonic in origin and the latter developing post-embryonically.
We further investigated the effects, if any, of altered root phenotype of HHO2 mutants on Pi contents of different parts of young seedlings and mature plants (Fig. 4) . Irrespective of the Pi regime, there were significant (P < 0.05) reductions in Pi contents of the leaf (20-30%) and root (10-15%) of hho2 mutant seedlings compared with the wild-type (Fig. 4A) . Although hho2 mutants grew normally with no discernible phenotype under greenhouse conditions, their Pi contents were also significantly (P < 0.05) reduced by 20-25% in leaf (rosette and cauline), stem and root compared with the wildtype (Fig. 4B) . The results suggested a putative role for HHO2 in acquisition and/or mobilization of Pi in Arabidopsis.
Overexpression of HHO2 exaggerates lateral root development, Pi uptake rate and leaf Pi content Three independent overexpression lines harboring full-length cDNA of HHO2 under the control of the CaMV35S promoter were generated (hereafter referred to as OE1-OE3). Wild-type and OE1-OE3 seedlings were grown on P+ and/or P-media for determination of the transcript abundance of HHO2 by qRT-PCR (Fig. 5A) . There was an approximately 3-fold increase in the transcript level of HHO2 in P-wild-type compared with P+ wild-type. Also, there were significant augmentations in HHO2 transcript levels in P+ OE1-OE3 seedlings compared with both P+ and P-wild-type. Developmental responses of different root traits of OE1-OE3 were then compared with the wildtype during growth under P+ and P-conditions (Fig. 5B-D ). There were no significant (P < 0.05) effects on the developmental responses of root hairs in a 5 mm section from the tip of primary root and the primary root length in OE1-OE3 seedlings compared with wild-type seedlings under both P+ and P-conditions (data not shown). However, OE1-OE3 exhibited increases in the number (20-30%) and length ($50%) of firstand higher-order lateral roots under both P+ and P-conditions compared with the wild-type. In contrast, overexpression of some of the Pi-responsive TFs resulted in decreased length (MYB62, Devaiah et al. 2009 ), number (ZAT6, Devaiah et al. 2007b) , or both number and length (ERF070, Ramaiah et al. 2014) of lateral roots under different Pi regimes. To determine whether increased lateral root branching of HHO2 overexpressors exerts any influence on Pi acquisition by roots, 33 Pi uptake kinetics were determined. For 33 Pi uptake assay, the wild-type, hho2-1 and OE1-OE3 were grown hydroponically under P+ and P-conditions (Fig. 5E) .
33 Pi uptake by roots was significantly (P < 0.05) higher in P-roots of OE1-OE3 compared with the wild-type, whereas 33 Pi uptake rates by roots were comparable between the wild-type and OE1-OE3 under Pi-replete condition. This could be attributed to sufficient Pi content in OE1-OE3 during growth under P+ condition. As anticipated, hho2-1 showed an approximately 25% reduction in 33 Pi uptake by roots under both P+ and P-conditions compared with the wild-type. This suggested an impaired Pi acquisition efficacy of hho2-1, which was consistent with their lower Pi contents compared with the wild-type under different Pi regimes (Fig. 4) . Fig. 3 Loss-of-function mutants of HHO2 have attenuated lateral root growth. The wild-type and mutants (hho2-1 and hho2-2) were grown under P+ and P-conditions for 7 d on vertically oriented agar-solidified plates as described in the legend to Fig. 2B. (A) Lateral roots of the wildtype and mutants were spread out to reveal architectural details and are representative of 10-12 seedlings each. Data are presented for (B) number and (C) total length of first-and higher-order lateral roots. Values (n = 12) are means ± SE, and different letters on histograms indicate that the means differ significantly (P < 0.05).
Although under P+ and P-conditions the Pi contents in roots of OE1 and OE2 were comparable with those of the wild-type (data not shown), there were significant (P < 0.05) increases in the leaf of these overexpressors compared with the wild-type (Fig. 5 F) . These results suggested a positive regulatory influence of HHO2 in acquisition of Pi by roots and its subsequent accumulation in different parts of the plant.
Mutation and overexpression of HHO2 differentially affects PSR genes
Since loss-of-function mutation and overexpression of HHO2 exerted a significant influence on lateral root development and Pi acquisition and content, we further investigated their likely influence on the relative expression levels of genes potentially involved in the sensing and signaling cascade and/or in maintenance of Pi homeostasis (Fig. 6) . Genes selected for this assay represented diverse functional categories. (i) HRS1 HOMOLOG3 (HHO3, At1g25550; Liu et al. 2009 , Medici et al. 2015 . HHO3 is a homolog of HHO2 and is not induced during Pi deprivation (Misson et al. 2005) . (ii) microRNAs (miRNAs) are noncoding RNAs, which are 20-24 nucleotides in lengths and repress the expression of target genes post-transcriptionally in plants (Bartel 2004) . Pi deficiency triggers significant induction of both primary transcript and mature miR399C (At5g62162), and is a key component of the PHR1-regulated sensing and signaling cascade (Bari et al. 2006) . (iii) INDUCED BY PHOSPHATE STARVATION (IPS1, At3g09922) is a non-coding RNA with a conserved 22 nucleotide sequence, which acts as a riboregulator of miR399 (Franco-Zorrilla et al. 2007) . IPS1 is rapidly and highly induced during Pi deprivation and a pivotal component of PHR1-mediated regulation of PSR genes (Bari et al. 2006 , Jain et al. 2009 ). (iv) At4 (At5g03545) codes for noncoding RNA and plays a role in distribution of Pi between roots and shoots during Pi deficiency (Shin et al. 2006) . (v) Highaffinity Pi transporters PHOSPHATE TRANSPORTER 1;1 (Pht1;1, At5g43350) and Pht1;4 (At2g38940) play a key role in acquisition of Pi from low-and high-Pi environments (Shin et al. 2004 ). (vi) RIBONUCLEASE1 (RNS1, At2g02990) is involved in remobilization of Pi (Bariola et al. 1999) . (vii) SULFOQUINOVOSYLDIACYLGLYCEROL1 (SQD1, At4g33030) is rapidly induced during Pi deprivation and is involved in the conversion of phospholipids to sulfolipids (Misson et al. 2005) . These select genes represented a wide spectrum of function and served as ideal candidates for determining the role of HHO2 in maintaining Pi homeostasis by exerting a regulatory influence on them.
In the wild-type, there was an approximately 2.5-fold induction of HHO3 in P-seedlings compared with P+ seedlings. The result differ from an earlier study by Misson et al. (2005) , which reported no effect of Pi deficiency on the expression of this gene. This inconsistency could be due to the different growth conditions employed. Interestingly, however, there were significant increases in the relative expression levels of HHO3 in hho2-1 under both P+ and P-conditions compared with the wildtype. The increased expression of HHO3 could be a compensatory effect due to the loss of HHO2 expression. However, the relative expression levels of HHO3 in OE1 and OE2 were comparable with those of the wild-type irrespective of Pi regime. On the other hand, significant reductions in the relative expression levels of miR399C primary transcript, IPS1, At4, Pht1;1 and Pht1;4 in Pi-deprived hho2-1 compared with the wild-type provided insights into the positive regulatory influence of HHO2 on these genes. Attenuated relative expression levels of Pht1;1 and Pht1;4 in hho2-1 compared with the wild-type were also observed under Pi-replete condition. This was consistent with attenuated uptake of Pi by roots of hho2-1 under both P+ and P-conditions (Fig. 5E) . The regulatory influence of HHO2 on these PSR genes was further confirmed by their augmented relative expression levels in OE1 and OE2 (except Pht1;4) compared with the wild-type. In contrast, neither mutation nor overexpression of HHO2 exerted any significant influence on the relative expression levels of RNS1 and SQD1. This suggested that HHO2 is involved in regulating the expression of a subset of specific PSR genes that play a pivotal role in the maintenance of Pi homeostasis.
Mutation in PHR1 attenuates the expression of HHO2
PHR1 regulates PSR genes by binding to the PHR1-binding sequence (P1BS) present on their promoters (Rubio et al. 2001 , Misson et al. 2005 . The promoter of HHO2 is enriched with P1BS motifs GAATATTC and GAATATTC at À12 and À577 bp Wild-type and HHO2-overexpressing transgenic plants (OE1-OE3) were grown on vertically oriented agar-solidified P+ and P-media for 7 d as described in the legend to Fig. 2B. (A) qRT-PCR analysis for determining relative expression levels of HHO2 in wild-type and overexpressing seedlings. (B) Lateral roots of wild-type and OE1 seedlings grown under P+ and P-conditions were spread out to reveal architectural details of the root system, and are representative of 12 seedlings each. Data are presented for (C) number and (D) total length of first-and higher-order lateral roots. (E) 33 Pi uptake rate in roots. Five-day-old seedlings of the wild-type, hho2-1 and OE1-OE3 were grown hydroponically in P+ and Pmedia for 7 d and then transferred to the respective media supplemented with 33 Pi for 2 h. Roots were analyzed for 33 Pi uptake rate. (F) Pi content in leaf. Values (A-D, n = 12; E and F, n = 4 replicates of 20-25 seedlings each) are means ± SE, and different letters on histograms indicate that the means differ significantly (P < 0.05).
upstream of the transcriptional start site, respectively. This suggested a likely regulatory control of PHR1 on HHO2. Therefore, relative expression levels of HHO2 and PHR1 were assayed in root and leaf of Pi-deprived wild-type, hho2-1 and phr1 seedlings (Fig. 7) . The knockout phr1 mutant (SALK_067629) harbors a T-DNA insertion located on the second exon upstream of the sequence encoding the MYB-related DNA-binding domain ). This phr1 mutant has also been extensively used in earlier studies for demonstrating a key role for PHR1 not only in regulating Pi starvation responses (Bari et al. 2006 , Nilsson et al. 2012 ) but also in the maintenance of Fe homeostasis (Bournier et al. 2013 ). Loss-offunction mutation in PHR1 attenuates the expression levels of several PSR genes belonging to different functional categories (Rubio et al. 2001 , Bari et al. 2006 . qRT-PCR analysis revealed approximately 15% and 30% reductions in transcript levels of HHO2 in root and leaf, respectively, of Pi-deprived phr1 seedlings compared with the wild-type. The results were consistent with an earlier study by Bustos et al. (2010) reporting reduction in the transcript level of HHO2 in Pi-deprived seedlings of phr1. This suggested a regulatory influence of PHR1 on HHO2. Interestingly, however, the relative expression levels of PHR1 in Pi-deprived root and shoot of the wild-type and hho2-1 were comparable. This suggested a lack of regulatory influence of HHO2 on PHR1.
The study revealed a role for HHO2 in developmental responses of lateral roots independent of Pi regime. HHO2 also exerted a positive regulatory influence on a subset of PSR genes governing Pi sensing and signaling. Enrichment of the promoter of HHO2 with P1BS and attenuation in its expression in phr1 provided evidence of a likely regulatory control of PHR1. Together, the influence of HHO2 on root development and PSR genes affects Pi homeostasis.
Materials and Methods

Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) ecotype Col-0 was used in the study. Plants were grown aseptically and hydroponically in a growth room and greenhouse, Fig. 6 Loss-of-function mutation and overexpression of HHO2 differentially affect the expression of some of the PSR genes. The wild-type, hho2-1, OE1 and OE2 were grown as described in the legend to Fig. 5 . Relative expression levels of PSR genes in P+ and P-seedlings as determined by qRT-PCR. Asterisks on the histogram indicate means that differ significantly (*P < 0.05; **P < 0.001).
respectively. For plant growth under aseptic condition, seeds were sterilized with 70% (v/v) ethanol for 1 min, followed by 50% (v/v) commercial bleach with 0.1% (v/v) Tween-20 for 10 min. After 5-6 washes with sterile water, seeds were stratified at 4 C for 2-3 d and suspended in 0.2% (w/v) agar [Sigma A1296, lot No. 110K0195 with an impurity of 15 mM Pi in 1.2% (w/v) agar (Jain et al. 2009)] . Petri plates (150Â15 mm) for seed germination were prepared with halfstrength Murashige and Skoog (MS) medium, 1.5% (w/v) sucrose, buffered to pH 5.7 with 0.5 mM MES and solidified with 1.2% (w/v) agar. Surface-sterilized seeds were sown at a density of about 25-30 per agar Petri plate and placed vertically oriented in a growth room [16 h day/8 h night cycle at 22 C and average photosynthetically active radiation (PAR) of 60-70 mmol m À2 s À1 ].
After 5 d of growth, seedlings with primary root lengths in the range of 1.5-2.5 cm were selected to minimize intrinsic variability and transferred to different nutrient media, which were prepared as described (López-Bucio et al. 2002 with 0.5 mM MES. After 7 d, seedlings were transferred to P + (250 mM Pi) or P-(0 mM Pi) hydroponic solutions for another 7 d. P-was prepared by replacing KH 2 PO 4 with an equimolar concentration of K 2 SO 4 .
Mutant isolation
T-DNA mutant seeds of HHO2 [SALK_044835 (hho2-1) and SALK_070096 (hho2-2)] and PHR1 [SALK_067629 (phr1)] were obtained from the ABRC. Gene-and T-DNA-specific primers were used for the confirmation of T-DNA insertions in HHO2 and PHR1 (Supplementary Table S2 ). PCR products amplifying the sites of T-DNA insertions in HHO2 and PHR1 were subcloned and sequenced.
Construction of recombinant vectors and plant transformation
For generating HHO2 overexpression lines, cDNA was prepared from Arabidopsis seedlings grown on P-medium for 7 d. Gene-specific forward and reverse primers with restriction enzyme sites (Supplementary Table S2 ) were used for PCR amplification of the HHO2 coding sequence using pfx50 DNA polymerase (Invitrogen). The amplified product (1.1 kb) was subcloned into pGEM-T Easy vector (Promega Inc.), digested with EcoRI and PstI, and then cloned into pGreenII binary vector (Hellens et al. 2000) immediately downstream of the CaMV35S promoter. For creation of the GFP::HHO2 translational fusion, a 1.1 kb HHO2 insert in the pGreenII construct was digested with EcoRI and BamHI, and cloned into the pEGAD expression vector (Cutler et al. 2000) with EGFP as an N-terminal translational fusion. Inserts were confirmed by sequencing, and binary vectors were mobilized into Agrobacterium tumefaciens (GV3101 strain). Wild-type plants were stably transformed with these constructs using the floral dip method (Clough and Bent 1998) . Transgenic seedlings harboring the HHO2 overexpression construct were screened for antibiotic resistance on half-strength MS medium with 50 mg ml À1 kanamycin.
35S::GFP::HHO2 lines were grown in soil and screened by spraying with 50 mg l À1 Basta.
Localization of GFP fusion protein
GFP was visualized in roots of 35S::GFP::HHO2 and 35S::GFP seedlings grown on agar-solidified half-strength MS medium for 5 d. Fluorescent images of roots were captured using a Nikon E800 compound microscope equipped with a SPOT-RT-slider digital camera (Diagnostic Instruments, Inc.). Standard fluorescein isothiocyanate (FITC) filters were used for GFP excitation. DAPI was used for visualizing nuclei. Seedlings were incubated in staining buffer (18.2 mM citric acid, 0.16 mM disodium phosphate pH 7.0 and 1 mg ml À1 DAPI) for 10 min at room temperature, followed by three washes with sterile water before mounting on a glass slide. Seedlings were excited at 359 nm for viewing DAPI staining.
RT-PCR and qRT-PCR
Total RNA was isolated from ground tissues using TRIzol (Invitrogen). Total RNA ($1 mg) was treated with RQ1 RNase-free DNase (Promega) and reverse transcribed using Superscript II TM Reverse Transcriptase (Invitrogen). For RT-PCR, cDNA (2 ml) was PCR amplified with gene-specific primers. Thermal cycling comprised initial denaturation at 94 C for 2 min, followed by 30 cycles (30 s at 94 C, 30 s at 60 C, 90 s at 72 C) and a final 7 min extension at 72 C. For qRT-PCR, cDNA (5 ml) was diluted 25 times and used with 2Â SYBR Premix ExTaq (TAKARA BIO) and 0.3 mM of each primer for assaying the transcript abundance of the genes. Analysis was performed using the StepOne Real-time PCR system (Applied Biosystems Inc.) Primer and amplification efficiencies were assayed relative to the transcripts of housekeeping genes UBQ10 (Bari et al. 2006) and UBC (Czechowski et al. 2005 ). Relative expression levels of genes were computed by the 2 -ÁÁC T method of relative quantification (Livak and Schmittgen 2001) . All gene-specific primers used are listed in Supplementary Table S2 .
Soluble Pi content
Harvested tissue was rinsed three times in deionized water, blotted gently, frozen in liquid nitrogen and ground to a fine power. Ground tissue (20-50 mg) was homogenized with 250 ml of 1% (v/v) glacial acetic acid, mixed thoroughly and centrifuged at 13,000Âg for 5 min. The supernatant was collected for assaying Pi content by phosphomolybdate colorimetric assay as described (Murphy and Riley 1962) . A standard curve generated with KH 2 PO 4 was used for determining the concentration of soluble Pi. Fig. 7 Mutation in PHR1 attenuates the expression of HHO2 under Pideprived condition. Wild-type, hho2-1 and phr1 plants were grown on vertically oriented agar-solidified P-medium for 7 d as described in the legend to Fig. 2B . Relative expression levels of HHO2 and PHR1 in leaf and root of Pi-deprived seedlings as determined by qRT-PCR. Asterisks on the histogram indicate means that differ significantly (*P < 0.05; **P < 0.001).
33 Pi uptake assay Uptake of 33 Pi by roots was carried out as described (Nagarajan et al. 2011) . Briefly, 7-day-old seedlings raised hydroponically with P + (1.25 mM Pi) or P-(0.01 mM Pi) media were transferred to corresponding P+ or P-uptake solution containing 0.15 mCi ml À1 ( 33 P) orthophosphate. After 2 h, samples were incubated in ice-cold desorption medium (0.1 mM CaCl 2 , 5 mM MES and 2 mM KH 2 PO 4 , pH 5.7) for 30 min. Seedlings were rinsed with desorption solution followed by distilled water, blotted dry, and roots and shoots were harvested separately. After recording fresh weights, the tissues were dried overnight at 65 C, and
33
Pi activity was determined by using a liquid scintillation counter (Tri-Carb 2810, PerkinElmer).
Analyses of root traits
Root hairs were documented as described (Jain et al. 2007 ). Lateral roots were spread gently on agar (1%, w/v) plates with a camel hair brush to reveal the architectural details of the root system and scanned at 600 d.p.i. using a desktop scanner (UMAX PowerLook 2100 XL) as described (Jain et al. 2007 ). Around 10-15 scanned images were then used for documenting the length of the primary root and numbers and lengths of first-and higher-order lateral roots using the ImageJ program (http://rsbweb.nih.gov/ij/).
Statistics
Data were collected from 2-3 independent biological replicates for each experiment. The statistical significance of differences between mean values was determined by analysis of variance (ANOVA) using the SPSS 20 program (www. spss.com). Univariate and multivariate analytical procedures with a Tukey's honestly significant difference mean separation test were used for comparing more than two data sets. Different letters on histograms were used to indicate means that were statistically significant.
Supplementary data
Supplementary data are available at PCP online. 
